Monolayer (ML) transition-metal dichalcogenide (TMDC) MX 2 (M ¼ Mo, W; X ¼ S, Se, Te) possesses atomic thickness, highly tunable electronic states, and direct band gaps of 1-2 eV [1] , making them a versatile playground for imposing nanoscale band structure design [2] and building novel homo-and heterojunctions for nanoelectronic [3] [4] [5] [6] and optoelectronic applications [7] [8] [9] . TMDC-based Schottky and p-n junctions have previously been achieved by exploiting multiple local gates [9, 10] , electric-doublelayer gating controlled bipolar carrier injection [11] , contact work function engineering [12, 13] , or exploring van der Waals heterostructures [14] [15] [16] , where the device functionalities cannot be altered after fabrication. On the other hand, the ability to create well-defined but reconfigurable potential barriers at the nanoscale can be utilized to disentangle the intricate interplay of various impurity sources and the dielectric environment in determining the electronic and optical response of TMDC in the junction state, as well as achieving multifunctional operations on a single twodimensional (2D) platform.
A promising approach to locally defining the potential profile and producing a programmable junction state in TMDCs is to capitalize on the nonvolatile, switchable polarization field of a ferroelectric gate. The ferroelectric field effect has previously been intensively investigated in layered van der Waals materials such as graphene and TMDCs for building novel logic and memory devices [17] [18] [19] [20] , tunnel junctions [21] , sensors [22] [23] [24] , and plasmonic and optoelectronic applications [25] [26] [27] [28] . However, the unique opportunity offered by nanoscale polarization control, which can lead to local carrier density modulation in the 2D channel, has yet to be explored. In this study, employing domain patterning in an ultrathin ferroelectric polymer top layer via scanning probe microscopy, we have achieved for the first time programmable transistor and Schottky junction states in a single channel of ML MoS 2 . In the monodomain states, we observed an Ohmic source-drain current-voltage (I DS -V DS ) relation for both the polarization up (P up ) and down (P down ) states. Modeling the transfer characteristics shows that the free electron band mobility of the sample is limited by charged impurity (CI) scattering, which is not affected by polarization switching. In the presence of a ferroelectric domain wall (DW) perpendicular to the current direction (denoted as the half P up -half P down state), the channel exhibits rectified I-V relation that can be well described by the thermionic emission model, with the induced Schottky barrier height Φ eff B further tunable by a SiO 2 global back gate.
We fabricated ML MoS 2 field effect transistor (FET) devices sandwiched between a 300 nm SiO 2 global back gate and a ferroelectric top layer (17.8 AE 0.7 nm) of poly(vinylidene fluoride-trifluoroethylene) [P(VDF-TrFE)] [ Fig. 1(a) ], where the copolymer film was deposited using the LangmuirBlodgett (LB) technique [29] [30] [31] . Unlike the thick P(VDFTrFE) films prepared by spin coating [17, 18, 22, 26] , the ultrathin LB films possess smooth surfaces (∼1 nm surface roughness) and low coercive voltage (<10 V), making it possible to write and image ferroelectric domains with nanoscale precision via the conductive probe atomic force microscopy (AFM) and piezoresponse force microscopy (PFM) [37, 38] . The reported electrical results were based on 6 MoS 2 samples, denoted as D1-D6.
Figure 1(b) shows the room-temperature transfer characteristic of sample D2 gated through SiO 2 [ Fig. 1(c) ]. With increasing back gate voltage V BG , I DS exhibits an exponential growth at low V BG followed by a quasilinear gate dependence beyond a transition voltage (denoted as V t ), signaling the shift of the Fermi level E F from well residing in the band gap to close to the conduction-band edge. We extracted the field effect mobility of the sample from the linear region of I DS ðV BG Þ as μ FE ¼ ð1=eγÞðL=WÞ ðdG=dV BG Þ, where γ ¼ 7.2 × 10 10 cm −2 V −1 is the gating efficiency of 300 nm SiO 2 , G ¼ I DS =V DS is the channel conductance, and L (W) is the channel length (width).
As there is no metal electrode on P(VDF-TrFE), the presence of the ferroelectric top layer does not change γ, as demonstrated in previous studies of SiO 2 -gate graphene with ice [39] and HfO 2 [40] top layers. In the as-deposited state, the sample exhibits μ FE of 6.7 cm 2 V −1 s −1 and V t of −20 V.
To control the out-of-plane polarization of the copolymer, we apply a constant bias voltage higher than the coercive voltage to a conductive AFM tip while it is scanning on the sample surface in the contact mode [ Fig. 1(a) ]. We first switched the copolymer to the uniform P down state by writing the entire channel area with a tip bias V tip of þ10 V while keeping MoS 2 grounded. The PFM phase image [ Fig. 1(d) ] shows that P(VDF-TrFE) on top of the device area has been uniformly polarized, while the portion on top of the SiO 2 substrate remains unpoled. In the P down state, electrons are accumulated in MoS 2 , which shifts E F towards the conduction-band edge, yielding a nonvolatile offset in the doping level. The resulting transfer curve shifts to the negative V BG direction, with corresponding μ FE of 4.7 cm 2 V −1 s −1 and V t of −38 V. We then polarized the ferroelectric top layer to the uniform P up state [ Fig. 1(e) ] by scanning the entire sample area with V tip ¼ −10 V, depleting electrons from MoS 2 . The resulting I DS -V BG curve shifts to the positive V BG direction with V t ¼ −12 V. The slightly lower μ FE of 3.3 cm 2 V −1 s −1 is due to the reduced screening of CIs in the depletion state. The scanning probe controlled polarization switching is nonvolatile and fully reversible. The third AFM writing with V tip ¼ þ10 V poled the copolymer back to the uniform P down state, and the resulting transfer curve of MoS 2 overlaps with that of the first poling. The switching ratio between the high (P down ) and low (P up ) conductance states reaches ∼450 at
In previous studies of ferroelectric-gated TMDC, despite the tremendous progress in developing various nanoelectronic or optoelectronic devices [17] [18] [19] [20] [21] [22] 25, 26] , in-depth understanding is yet to be gained on how the ferroelectric layer affects the mobility of the TMDC channel, e.g., regarding the presence of a charged interface, the remote interfacial polar (RIP) phonon, and the polarization reversal. To assess these ferroelectric-specific factors, we have quantitatively modeled the transfer characteristics of MoS 2 in both polarization states. The temperature dependence of I DS shows that E F for both polarization states lies in the band gap (E g ) for the entire gating range [31] . It is thus important to consider in the modeling the conduction-band-tail trapping states within the gap region as well as the localized states above the conduction-band edge, which have been attributed to the charged impurities such as S vacancies in MoS 2 and CIs from the dielectric environment [6] . To account for these midgap states, we incorporated the density of states (DOS) distribution in MoS 2 proposed in Ref. [6] :
Here D 0 ∼ 3.9 × 10 14 eV −1 cm −2 is the 2D DOS for crystalline MoS 2 , E D is the conduction-band edge, φ is the characteristic depth of the band tail, and α and φ 0 are fitting parameters. Using Eq. (1), we first modeled the V BG dependence of the total carrier density n total and the free electron density n free for sample D3 in both polarization states at V BG > V t [ Fig. 2(a) ] [31] . Here n total includes both trapped and localized electrons and n free , with Δn total ¼ γΔV BG . For n free , we only consider the extended states above the mobility edge energy E M with respect to the conduction-band edge:
where D n ðEÞ is given by Eq. (1) and fðEÞ is the Fermi-Dirac distribution. We used the parameters of φ ¼ 110 meV and E M ¼ 10 meV similar to those reported in Ref. [6] , as our samples possess similar mobility values. Figure 2 (b) shows the free electron band mobility μ band ¼ σ=n free e as a function of n free , which reveals two important points. First, even though the field effect mobility in this region is a constant [i.e., I DS ðV BG Þ is linear], the band mobility associated with the free electrons actually increases linearly with increasing n free for both polarization states, reaching ∼10 cm This suggests CI scattering rather than phonon scattering as the dominant mobility limiting mechanism [41] , since the increased density can enhance the screening of the CIs, resulting in higher mobility. Using Boltzmann transport theory with relaxation time approximation, we find this mobility level corresponds to a CI density
[31], comparable with the value obtained in MoS 2 sandwiched between SiO 2 and HfO 2 [4] . It further confirms that the parameters for the band tail states and mobility edge in Ref. [6] can give a reasonable description of the charge trapping or localization in our samples. Our device mobility extracted from the gap region is also consistent with the high density mobility values reported in literature for MoS 2 on SiO 2 [6, [42] [43] [44] , as discussed in the Supplemental Material [31] . At this low density range, scattering from intrinsic acoustic and nonpolar optical phonons in MoS 2 is negligibly small. Despite the high dielectric constant of P(VDF-TrFE) (ε PVDF ¼ 10), its RIP phonon also does not play a critical role in limiting the mobility of MoS 2 , in stark contrast with other high-k dielectrics such as HfO 2 and Al 2 O 3 [41] . While P(VDF-TrFE) can provide effective dielectric screening to the RIP modes of SiO 2 , its most active optical phonon modes are at ℏω ¼ 63 and 109 meV [45] , and the corresponding RIP modes would not contribute as strongly as that of SiO 2 at room temperature [46] . Second, at the same n free , the sample possesses similar mobility values for both polarization states, indicating that switching the polarization direction does not introduce additional scatterers. This is understandable since the switchable polarization originates from the crystalline fraction of P (VDF-TrFE), which imposes a periodic polarization field that does not scatter electrons. We next explored the possibility of creating a potential barrier in the MoS 2 channel by writing a ferroelectric DW perpendicular to the current direction. In the monodomain states, despite the large current modulation, we observe linear, Ohmic-like I DS -V DS characteristics for both polarization states within V DS ¼ AE100 mV [ Fig. 3(a) ] over the entire V BG range for all samples investigated. In sharp contrast, when P(VDF-TrFE) was patterned into two domains with opposite out-of-plane polarization directions To understand the origin of the evolved I DS -V DS characteristics, we superimposed on Fig. 3 (c) the transfer curves of this sample in the monodomain states. The corresponding transition voltages are V t ¼ −13 V for P down and V t ¼ 0 V for the P up state, which are in excellent agreement with the boundary V BG voltages that separate regions I, II, and III, suggesting that it is the band alignment between the P up and P down sides of the channel that determines the conduction characteristic. When the sample is gated into region I, E F for both sides is deep in the gap region, leading to high channel resistance. We expect an intrinsic to the n-doped type interface, and the channel conduction can be modeled as two resistors R down and R up , corresponding to the P down and P up domains, respectively, in series connection. In region II, E F for the P down side of the channel is approaching the conduction-band edge, so MoS 2 is doped with a high density of free electrons in the extended states at room temperature, while the P up side of the channel remains in the semiconducting state. We thus expect a Schottky junction forming In region II, we need to consider the additional junction contribution in series connection with R up and R down to model the total channel conduction. We quantitatively modeled the rectified I-V behavior in region II using the thermionic emission model [13, 47] :
1=2 , where W is the width of the conduction channel, n is the ideality factor, which is normally between 1 and 2, and m [9, 12] .
The fact that Eq. (3) can give an accurate description of the conduction characteristic indicates that the resistive contribution of R down and R up is also absent at V BG ¼ −10 V. As MoS 2 exhibits more than 1 order of magnitude change in conductance between the two polarization states in region II [ Figs. 1(b) and 3] , it is reasonable to neglect R down . The absence of R up , on the other hand, suggests that the extension of the junction transition region is comparable with or larger than the P up side channel length at low carrier density. At sufficiently high V BG (V BG ≥ −6 V), when the junction width decreases with increasing carrier density and becomes shorter than the associated channel length, Eq. (3) can no longer provide a satisfactory fit to the I DS -V DS relation. Rather, the conduction has to be modeled as a Schottky junction in series connection with a resistor [31] :
where V DS ðI DS Þ is defined by Eq. (3). Comparing the extracted R up with the channel resistance in the uniform P up state yields a channel length of 23 nm, much shorter than the associated P up domain length (350 nm), confirming that on the P up side the junction transition region extends well beyond the vicinity of the DW.
As a control experiment, we erased the domain structure by thermally heating the sample in vacuum to 80°C, close to its Curie temperature, for 2 h. The copolymer film then recovers its as-deposited state with polarization randomly orientated, which can be attributed to its low DW energy [38] . After thermal depolarization, the I DS -V DS curve at V BG ¼ −10 V agrees well with the linear behavior in the as-deposited state [ Fig. 4(c) ], indicating that the observed junction state is resulting from the ferroelectric domain patterning and the sample quality is preserved during the polarization switching.
As the Schottky barrier height Φ eff B is defined by the band alignment between the P down and P up states [ Fig. 4(a) inset], it can be further tuned by V BG . Figure 4 
PRL 118, 236801 (2017) P H Y S I C A L R E V I E W L E T T E R S week ending 9 JUNE 2017
236801-4
At the low-V BG end of region III, close to the boundary with region II, the channel conduction still exhibits slight nonlinearity but can no longer be properly modeled by Eq. (4) [31] , even though the P up state E F is still about 0.4-0.5 eV below the extended states [ Fig. 4(d) ]. This can be well explained by the band tail states described by Eq. (1), which would limit the gate-tunable range of Φ eff B , or the width of region II (V W ). As shown in Ref. [6] , these impurity states can extend to up to 0.4-0.5 eV below the conduction-band of MoS 2 , and can contribute to hopping-type conduction, which naturally explains the lack of a well-defined energy barrier at this gating range. Overall, a range of Φ eff B from 0.38 to 0.57 eV has been realized in our samples [ Fig. 4(d) ].
In conclusion, we have demonstrated that nanoscale ferroelectric domain patterning can be utilized to reversibly tune the functionality of a 2D channel, while polarization switching does not have a pronounced impact on the channel mobility. This approach can be applied to a wide range of van der Waals materials to design various homojunctions and nanostructures, such as nanoribbons, nanodots, and superlattices. Compared to the lithographical methods, the nonvolatile field effect allows one to impose different functional designs on the same 2D channel without introducing disordered interface or edge states. It also opens up the opportunity to integrate logic, memory, and photovoltaic functionalities in a single material platform for nanoelectronic and optoelectronic applications.
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The electrical measurements were conducted in a Quantum Design PPMS using external Keithley 2400 SourceMeters and the standard lock-in techniques.
Characterizations of Monolayer MoS 2 with P(VDF-TrFE) Top-Layer
Figure S1 ( Fig. S1(a) ), and the PL spectrum peaks at 1.84 eV (Fig. S1(b) ), consistent with the values reported in literature for ML MoS 2 [3, 4] . Upon the P(VDF-TrFE) deposition, both the 1 2 g E and A 1g modes in the Raman spectra exhibit slight blue shifts, suggesting a decrease of electron density [5] , which is consistent with the electrical characterization results (Fig. S1(c) ). No pronounced changes are observed in the PL spectra, reflecting the high transparency of P(VDF-TrFE) in this wavelength range.
The LB technique allows us to obtain ultrathin P(VDF-TrFE) films with smooth surfaces, which is critical for nanoscale domain patterning using the scanning probe approach. Figure 1(c) shows the AFM topographic image of sample D2, which reveals a smooth surface of the PVDFTrFE top layer with a typical root-mean-square roughness of about 1 nm. The LB films have low crystallinity after deposition, with the polarization pointing in random orientations ( Fig. 1(d) -(e)). We do not thermally anneal these films to keep the crystalline portion and the corresponding polarization small [1] , so that the nonvolatile shift of the transfer curve of the sample between the P up and P down states is within the gating range of the SiO 2 back-gate. In our samples, the polarization switching induces up to 30 V shift in the transfer curves, corresponding to a polarization change P of 0.35 C cm -2 , much lower than the remnant polarization of crystalline P(VDF-TrFE) after thermal annealing (5 -10 C cm , and a subthreshold swing of 2-3 V dec -1 , consistent with those reported in previous studies [6] . The transition voltage of this sample shifts from -16 V for the bare sample to +15 V after the P(VDF-TrFE) deposition. This corresponds to a decrease in the electron density of about 2x10 in MoS 2 , which may be due to the encapsulation of an interfacial water adsorbate layer [7] . Despite the relatively high dielectric constant ( ~10) of P(VDF-TrFE) [2] , the presence of the ferroelectric polymer does not yield a significant change in the mobility and subthreshold swing of our samples. It has been shown in previous studies that interfacing with a high- dielectric layer can effectively enhance the mobility of MoS 2 [8, 9] . Unlike conventional high- dielectrics such as Al 2 O 3 and HfO 2 , the ferroelectric polymer has a high spontaneous polarization that is mostly unaligned in the as-grown state. We thus expect a high density of Coulomb impurities resulting from the spatially inhomogeneous bound charge density at the sample interface, which can serve as a major scattering source and suppress the mobility of MoS 2 .
Details for Modeling the Transfer Characteristics in the Presence of the Conduction Band Tail Trapping States
Figure S2(a) shows the room temperature transfer curves of D3 for the uniform P up and P down states in region III. To fit the data, we used a model proposed in Ref. [6] to describe the effect of the conduction band tail trapping states on the back-gate control of the free carrier density in MoS 2 , as discussed in the main text. To take into account the initial doping of the device, we impose a positively charged impurity density of 3.5x10 . To calculate the band mobility  band (Fig. 2(b) ), we assumed a net S vacancy density of 1x10 . The S vacancy concentration is likely higher than this, but electrons from the vacancies will compensate any acceptors that are naturally present. The actual value of this quantity does not significantly affect the results in Fig. 2 in the main text. For the gating range, the sample exhibits insulating temperature-dependence in I DS for both polarization states (Fig. S2(b)-(c) ), suggesting that E F lies in the band gap region. 
Density Dependence of Electron Mobility in Monolayer MoS 2 Due to Charged Impurity and Intrinsic Phonon Scattering
We used Boltzmann transport theory with relaxation time approximation to calculate the effects of charged impurity (CI) and intrinsic phonon scattering on the mobility of ML MoS 2 .
The CI scattering rate of ML MoS 2 is given by [9] : The electron-phonon interactions are calculated using the model and parameters outlined in Ref. [10] . The scattering rate of the quasielastic scattering by the transverse (TA) and longitudinal (LA) acoustic phonon modes are given by:
where  is the scattering angle between wave vectors k and ' k . The transition matrix element
kk'
P is given by: It has been shown numerically by Kaasbjerg et al. that the first order optical deformation scattering is negligibly small, and the polar optical phonon scattering po  is at the same level of the zero order NPO phonon scattering [10] . We thus approximated the PO phonon contribution as npo po  ~and calculated the total scatering rate using Matthiessen's rule: , we extracted a mobility value of ~10 cm 2 /Vs, similar to the value observed on our samples. Figure S4 shows the I DS -V DS curves of sample D5 taken at various V bg s in the half P up -half P down state. In region II, I DS -V DS can be well fitted by the thermionic emission model (Eq. (3) in the main text) at low gate voltages (-12 V ≤ V bg ≤ -8 V). At higher gate voltage (-6 ≤ V bg ≤ 0 V), the contribution from an additional resistor in series connection needs to be incorporated to fit the data (Eq. (4)). The data taken between V bg = 0 V and 4 V still exhibit slight nonlinearity, but cannot be fitted with either model, which was attributed to the hopping-type conduction in the P up channel when its Fermi level is tuned into the impurity band tail below the conduction band [6] . The sample quality thus can have a significant impact on V w , the V bg window of region II, which varies from 12 V to 30 V in our samples. 
Evolution of the I DS -V DS Characteristic in Regions II and III

